Significantly improved XeF(C---+A ) laser energy density and efficiency have been obtained using electron-beam excited Ar-Xe gas mixtures at pressures up to 10 atm which contain both NF and F 2 • Maximum blue-green laser pulse energy density in excess of 1.0 J/liter was obtained, 3 corresponding to an intrinsic electrical-optical energy conversion efficiency estimated to be in the 0.5%-1.0% range. Comprehensive, time-resolved absolute measurements ofXeF(C---+A ) fluorescence, laser energy, and gain were carried out for a wide variety of experimental conditions. Analysis of these data has resulted in identification of the dominant transient absorbing species in the laser medium. For the laser mixtures investigated in this work, the primary blue/green absorption processes have been identified as photo ionization of the 4p, 3d, and higher lying states of Ar, and of the Xe 6p and 5d states, and photodissociation of Ar 2 e};u+) and Art.
I. INTRODUCTION
Of the rare-gas halide molecules, XeF is unique in that the two lowest Coulombic statesB (fl = 1!2)andC (fl = 3/2) are separated in energy by nearly 0.1 e V, XeF( C) being lower in energy of the two, I as illustrated in Fig. 1 . Therefore, in thermal equilibrium at 300 oK more than 95% of the combined population of the Band C states resides in the latter. For this reason the broadband XeF(C-+A) transition, centered near 490 nm, has potential for development of efficient tunable lasers in the blue/green region of the spectrum. Laser oscillation has been reported by a number of investigators using electron-beam excitation 2,3 or discharge excitation 4 ,5 of high-pressure gas mixtures containing Xe and a fluorine donor such as F2 or NF 3 • Additionally, laser oscillation based on photolytic pumping of a gas containing XeF 2 has been demonstrated.6-8 For the conditions ofthese studies the laser output has been found to be continuously tunable in the 450-520 nm wavelength region. 7 ,9.10 Although the XeF(C) excimer can be formed efficiently under conditions typical of these experiments, the large ( -70 nm) C-+A bandwidth and relatively long Costate lifetime (-100 nsec) result in a cross section for stimulated emission 7 that, at _10-17 cm 2 , is more than an order of magnitude smaner than that of the highly efficient 351-nm B_X laser transition. I I Thus, development of adequate gain on the C .... A transition requires very intense pumping, a circumstance that results in high concentrations of electrons and of excited and ionized species when electrical excitation is used. The electrons tend to mix and quench the closely spaced B and C states, an effect strongly favoring the UV B .... X transition at the expense of the blue/green C-+A transition. More importantly, certain excited and ionized species typical of the laser medium absorb in the blue/green region of the spectrum. Until recently these and rel.ated factors have limited the efficiency of the electrically excited XeF( C .... A ) laser to unacceptably low levels. 2 -5 Photolytic pumping of XeF 2 -containing mixtures has been successful at circumventing certain of these effects, but at the expense of an increase in system complexity. 8 Recently we reported resuIts l2 demonstrating that by judicious tailoring of kinetic processes in electron-beam excited laser mixtures containing both NF 3 and F 2' the concentrations of electrons and of absorbing species could be significantly reduced. The resulting increase in laser pulse energy density and intrinsic efficiency to -0.1 J!1iter and -0.1 %, respectively, represented an improvement of nearly two orders of magnitude over previously reported results. Herein we report further improvements in laser energy density and efficiency, based primarily on increased e-beam energy deposition in the laser mixture and optimization of the output coupling. Additionally, analysis of comprehensive time-resolved measurements of gain and absorption for a wide variety of mixture conditions has provided insight as to the identity of the primary absorbing species and, in certain cases, has permitted estimation of their absorption cross sections.
The details of the experimental arrangement and related diagnostic apparatus used in this investigation are summarized in Sec. II. In Sec. III experimental results are presented; therein are described the specific conditions resulting in an increase in XeF( C--+A ) laser pulse energy density to the 1.0-2.0 Jlliter level, corresponding to an intrinsic efficiency estimated to be in the 0.5%-1.0% range. Our analysis and interpretation of those results is presented in Sec. IV-VI, wherein particular emphasis is placed on identification of the ionized and excited species dominating transient absorption in the XeF(C_A ) laser mixture. Additionally, remaining factors that presently limit laser performance are discussed, along with possibilities for further improvement.
II. EXPERIMENT A. Electron-beam and reaction cell
The overall experimental arrangement used in this investigation is illustrated in Fig. 2 . A Physics International Pulserad 110 electron beam generator was used to transversely excite the high pressure laser mixtures through a 50-pm titanium foil (Fig. 3) . The electron beam energy was 1 MeV and the pump pulse duration was 10 nsec (FWHM), producing a current density at the center of the optical axis of 200-400 A cm -2 as measured with a Faraday cup probe. A stable, intraceU optical resonator was used consisting of a totally reflecting (R > 99.6%) mirror having a radius of curvature of 0.5 m, separated by 12.5 cm from a flat output mirror. The output mirrors had a reflectivity of either 95% or 98% between 460 and 510 nm, thereby providing an optimum wavelength match with the XeF(C __ A) gain profile. The active region was the cylindrical 28 cm) volume defined by the clear aperture (1.9 cm mam) and the pumped length ( 10 cm), as confirmed by photographs of the near field laser output. Use of a tightly focused resonator permits a higher level of initial flux arising from spontaneous emission, a factor contributing to rapid buildup of intracavity laser flux.
The stainless-steel reaction cell was well pasSIvated by prolonged exposure to F2 prior to any experiments. Highpurity gas mixtures of research grade Ar, Xe, Kr, NF 3 , and F2 were used, with the F2 in a 10-90 F2-He mixture. Good mixing of the different gas components was achieved by tur- bulent flow of the high pressure gas components into the reaction celL The concentration ofF2 in the cell was verified by absorption of a Heed laser probeD; the partial pressure of each gas is estimated to be accurate to within 2 %. A fresh gas mixture was used for each shot. Repetitive pumping of the mixture resulted in a decrease in laser energy of about 20% per shot due to contamination and surface reaction processes of the foil window.
B. Diagnostics
The temporal evolution of the fluorescence and the laser output were monitored by a fast vacuum photodiode detector (ITT:F4000 S5). Neutral density, interference, and color glass filters were used to define the spectral region of interest. Signals with a time resolution of better than 2 nsec were recorded by a Tektronix 7904 Transient Digitizer. The temporally integrated, spectrally resolved fluorescence was recorded by an optical multichannel analyzer (OMA I), using a Jarrell-Ash 0.25 m spectrometer; the spectral resolution was -2 nm. Data from the Transient Digitizer and the OMA I were processed using a PDP 11/23 minicomputer.
Absolute power measurements were made using calibrated vacuum photodiode detectors (with an effective aperture of 38 mm), and appropriate interference and color glass filters. The power was calculated using the temporally integrated OMA measurements and the calibration verified by means of a Scientech volume absorbing disc calorimeter model 38-0101 as well as with Polaroid film No. 42. The film was exposed to the laser output using neutral density and color glass filters to achieve a density of 0.5. These two methods of power determination were found to agree to within the estimated experimental error.
The laser beam divergence was also measured using two different methods. The first method used Polaroid film exposed to the laser light at different distances using neutral density and color glass filters, keeping the film density 0.5, and measuring the beam diameters. The second method measures the laser power at different distances along the optic axis for different size apertures. Both methods indicated a laser beam divergence of -40 mrad.
A measurement of the temporal evolution of the XeF( C) population for different gas mixture conditions was carried out by monitoring the XeF(C-A ) fluorescence at a distance 125 cm from the center of the laser cell along the optical axis using collimating optics with an effective aperture of 6.35 mm diam. The absolute value of the XeF(C) state population was then obtained using the integrated fluorescence spectrum from the OMA and the spectrally calibrated vacuum photodiode detector.
C. Gain/absorption measurement
The experimental arrangement for measuring the optical gain (absorption) is also shown in Fig. 2 . A cw Ar-ion laser and an R 6G dye laser were used to measure gain at eight different wavelengths: 514.5, 501.7, 496.5, 488.0, 476.5,472.7,457.9 , and 590 nm. Either one or three passes of the probe beam through the cell was used, depending on the magnitude of the gain/absorption, in order to maximize the signal-to-noise ratio. The laser probe signal was focused on a Lasermetrics 3117 PIN detector (HP5082-4200) via a narrow-band interference filter, color-glass filter, and an iris located 10m from the laser cell. The detector was located inside a Faraday cage to minimize electrical noise pickup and stray fluorescence. A mechanical shutter was used to produce a 4-msec laser probe pulse to avoid saturation of the detector. The electron-beam pulse was synchronized to appear in the middle of the laser probe pulse. In the cw mode, the detector diode is linear with input power for output currents up to 4 rnA. However, the time response of the detector for currents above 2 rnA started to deteriorate. Therefore, the detector current was always maintained below 1 mA, where the time response is estimated to be better than 2 nsec.
iii. EXPERiMENTAL RESULTS
Normalized temporal characteristics of the e-beam excitation pulse, XeF(C_A ) fluorescence and laser output for representative conditions are presented in Fig. 4 . Formation of the XeF(C) state occurs during and after the excitation pulse, with the fluorescence peak occurring about 10 nsec after the peak in the e-beam current. Since there is strong absorption during the early phase of XeF(C) formation (a topic to be discussed in detail in subsequent sections), laser oscillation does not begin until after the peak fluorescence. The peak in the laser output occurs between 20 and 35 nsee after the fluorescence peak depending on the magnitude of the peak gain, the shorter time corresponding to higher gain, and therefore higher laser output. Laser oscillation continues for 20-30 nsec after tennination of the XeF(C-A ) fluorescence, a reflection of the cavity resonator decay time.
A. Laser pulse energy
The improvement in magnitude and duration of the net gain resulting from a two component halogen donor mixture (NF:v'F 2) has been shown to result in a significant increase in laser pulse energy. 12 Figure 5 
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energy was found to decrease very rapidly due to the lower gain under these conditions.
Buffer gas variation
Use of Ne as the buffer gas in place of AI resulted in laser pulse energy much lower than that of Fig. 5 , almost certainly a reflection of the fact that Ne is about an order of magnitude less effective than AI at mixing the Band C states of XeF, 16 and is also less effective at relaxing the XeF(B,C) vibrational manifolds. The use of Kr in place of Ar was reported 3 to result in much better laser performance for values of e-beam current density and total pressure much lower and excitation pulses much longer than those of the present investigation. However, we have found that use of Kr as the buffer at half the Ar pressure, so as to provide about the same e-beam energy deposition, resulted in significantly lower laser output energy. Experimentation using Kr as an additive at concentrations in the 0-760 Torr range was also found to result in lower laser output, except for Kr pressures in the 40-70 Torr range for which the laser output was about the same as without Kr present. However, measured gain profiles in laser mixtures containing Kr feature certain distinctive characteristics that may ultimately permit higher laser pulse energy, a topic to be discussed in subsequent sections.
Laser spectra
Although the laser output was found to be quite sensitive to mixture variations, the XeF(C-A ) fluorescence was not, a circumstance indicating that changes in the absorption characteristics of the medium are :largely responsible for changes in laser output. Examination of laser spectra supports this conclusion. Figure 6 shows measured laser spectra for an Ar-Xe mixture at 6 atm containing 8 Torr NF 3 , and 8 Torr each ofF 2 and NF), excited at an e-beam current density level of about 200 A cm -2, conditions for which the laser pulse energy density was about 0.1 J/1iter for the two-halogen mixture. 12 The discrete absorption lines that appear in the NF3 spectrum [ Fig. 6 (a)], due principally to transitions between Xe excited states, 17 vanish [Fig. 6(b) ] with F2 added to the mixture for laser output energy up to about 0.1 J/1iter. For higher laser pulse energy (e.g., Fig. 5 ) the structure in the laser spectrum is again apparent even with F2 present in the mixture, although to a much lesser degree than with NF3 alone. For this case the laser pulse peaks at an earlier time at which the absorber concentrations are higher than those typical of Fig. 6 (b).
It should be pointed out that the effect of broadband absorption on laser output energy is far more significant than that of the discrete absorption that is readily apparent in the laser spectrum [ Fig. 6(a) ]. However, many of the same species contributing to broadband absorption also exhibit discrete absorption. For this reason the appearance of structure and/or changes therein in XeF(C-A) laser spectra [Figs. 6(a) and 6(b)] are also symptomatic of the occurence of the more severe broadband absorption.
B. Gain and absorption
Figure 7 presents the temporal evolution of net gain at 488 nm (measured using the cw Ar-ion laser probe) for a laser mixture for which the AI pressure was 6 atm. Under these conditions laser output energy density was about 0.25 J/ liter. This figure shows that severe transient absorption occurs during the excitation pulse, a circumstance found to be typical of all Ar-Xe-NF3-F2 laser mixtures. The net gain does not become positive until slightly before the peak in the fluorescence. For an Ar pressure of 10 atm, corresponding to -1.0-2.0 J/liter laser output, the peak absorption rises to nearly 4% cm-I and the peak gain increases to almost 3% cm-I (Fig. 8) . The peak values of the XeF(C) population deduced from the gain measurements (and predicted analytically) typically were about 25% larger than those determined from the calibrated fluorescence measurements, a difference within the combined uncertainty limits of both experimental techniques.
For the conditions of Fig. 7 (e.g., peak gain; 2% em-I) the maximum intracavity laser flux corresponds to values equal to or greater than the saturation fiux, lsat-6 MW em -2. Thus, while the laser output energy continues to .,...
Time, 10 nsec/div increase significantly for peak gain levels higher than those of Fig. 7 , for lower gain values (e.g., < 1.5% cm -1) the laser output energy decreases precipitously. Figure 9 compares the gain for the two-halogen mixture of Fig. 7 with that of a mixture containing only NF 3 ; both excited under similar conditions. In the latter case the broadband absorption is more severe resulting in a gain peak of about 1.5% cm -1. However, because these gain values are relatively low, considering the 30 nsec during which gain persists, the difference in laser pulse energy between the F 2 + NF 3 and NF 3
mixtures is approximately two orders of magnitude (Fig. 5) . Although Kr did not improve laser performance for the conditions of this experiment, the addition of Kr to the laser mixture was found to have a striking effect on the temporal evolution of the gain-absorption profile under certain circumstances. Presented in Fig. lOis the net gain at 488 nm for the mixture of Fig. 7 , to which was added 0.2 atm Kr. While the peak value of gain is essentially the same for both cases, the strong initial absorption during the excitation pulse almost vanishes entirely. This was found to be the case for all Kr concentrations in the 0.2-1.0 atm pressure range. For Kr pressures above 1.0 atm the initial absorption was found to return to significant levels, and the peak gain decreased. With the Ar replaced entirely by 3 atm Kr, the initial absorption increased to nearly 1.0% cm -1 and the peak value of gain decreased to approximately 1.5% cm -I. Thus, for the conditions of this experiment, the use of Kr as an additive rather than as the buffer has an interesting and potentially significant effect on bluel green absorption during the excitation pulse, a topic to be explored in subsequent sections.
Wavelength dependence
As mentioned earlier, broadband absorption is of central importance to laser performance. For this reason gain! absorption measurements of the type discussed above were carried out for seven wavelength values available from the cw Ar-ion laser, and for the 590-nm R 6G dye laser wavelength. Presented in Fig. 11 is the wavelength dependence of the peak gain and peak absorption for the mixture and excitation conditions of Fig. 7 , measured using the Ar-ion laser. The curve in this figure is the XeF(C--A ) stimulated emission cross section reported in Ref. 7, normalized to the measured peak gain value at 480 nm. With the exception of the point at 514.5 nm, 18 the peak absorption is found to be essentially independent of wavelength. Thus, the decrease in the peak value of net gain on either side of 480 nm is primarily a refl.ection of the wavelength dependence of the C--A cross section for stimulated emission.
IV. XeF(C--..A) LASER K!NETICS
In recent years kinetic processes controlling the XeF(B,C) population in laser media have been the subject of considerable attention. Consequently, relatively complete rate coefficient data are available for XeF{B,C) formation processes such as ion-ion recombination 19.20 and halogen reactive quenching of rare-gas excited states l4 . 15 and for mixing and quenching of the Band C states. 16.21 Additionally, the body of related data pertaining to ion charge exchange and rearrangement,22-24 kinetic processes in rare gases and their mixtures,25.26 and to electron-halogen dissociative attachment2 7 has been expanded significantly in reaction to the importance of rare-gas-halide lasers. In the present investigation these data have been used in a self-consistent model of XeF(B,C) processes for the experimental conditions described in Sec. III. Analytical and numerical procedures of the type utilized have become well developed in recent years. 28 . 29 Thus, the discussion to follow will concentrate on modeling results with little emphasis on methods and procedures.
A. Mixture composition
Selection of an optimum buffer gas for the XeF{C-A ) laser is dictated by several requirements: (I) mixing of the B and C states must occur in a time much less than the radiative lifetime of the former; (2) vibrational relaxation of the B and C states must be very fast: (3) collisional quenching of XeF by the buffer must be minimal; (4) transient absorption at the laser wavelength by buffer-related ionized and excited species must be held to an acceptable level; and (5) when ebeam excitation is used the buffer gas must have a relatively high stopping power. While there are several species possessing one or more of these characteristics, so far Ar has been found to exhibit the best overall combination of properties for the conditions of this experiment.
The molecular source of fluorine atoms should also possess properties (3) and (4) above, and since net gain and laser oscillation occur during the afterglow period and are strong-. ly influenced by absorption in the relaxing medium, the halogen must play the very important role of reducing the concentrations of electrons and absorbing species as rapidly as possible. As mentioned previously and discussed in detail in Ref. 12, we have shown that F2 and NF3 together exhibit attachment and absorber quenching characteristics superior to either species alone, thereby permitting higher levels of net gain and very much higher laser pulse energies. Most recently, evidence has been obtained indicating that addition of Kr as a fifth component of the mixture may beneficiaUy alter medium absorption characteristics. These reasons and supportive experimental evidence have resulted in selection of the particular mixture constituents and their fractional concentrations described previously in connection with the discussion of Figs. 5-11. B. XeF(G) formation and loss Figure 12 illustrates the major energy pathways to and away from the coupled XeF(B,C) vibrational manifolds, based on modeling of kinetic processes. Because of the very large fractional concentration of Ar, ionization and excitation of the Ar by primary and secondary e-beam electrons is dominant, followed by charge and excitation transfer to Xe, and by ion recombination and excited state quenching by F- and by F2 (and NF 3 ), respectively. Those processes resulting in the formation ofXe ions and/or Xe excited states result in very efficient formation ofXeF{B,C). 14,19 However, the indicated paths leading to ArF and Ar2F introduce inefficiency even though a fraction of that energy is also likely to result in XeF formation by way of displacement reactions. Neverthless, modeling indicates that for the conditions of this experimentXeF(C) is produced with an efficiency of 5%-7% for a relatively wide range of experimental conditions.
The computed, time integrated fractional contributions to XeF(C) formation and loss are presented in Fig. 13 , for conditions typical of Fig. 7 . Because Ar mixes the XeF states on a sub-nsec time scale, 16 it doesn't matter whether theB, C or D state of XeF is produced by the reactions indicated in Fig. 13(a) . Of those reactions, the relative importance to XeF formation of the Ar2F-Xe displacement reaction is least certain. A substantial fraction of the energy is channeled to ArF (Fig. 12) reactions involving diatomic rare-gas-halide moledules, there is very litde information on the corresponding triatomic molecule reactions. 29 For the purposes of the present calculations the rate coefficient for the Ar2F--XeF displacement reaction was estimated to be 2 X 10-10 sec -1 cm 3 •
The contributions to XeF(C) quenching are presented in Fig. 13(b) , which shows that nearly 50% of the C state loss is due to two-and three-body quenching 21 by Xe, a factor that limits the Xe fractional concentration to a relatively low level. Also, in spite of the very large rate of dissociative attachment in the NF3-F2 mixture, the intense e-beam pumping results in an electron density level such that electron quenching of the XeF(B,C) states is still significant. 31
V. ABSORPTION !N THE VISIBLE REGION
Although the kinetic efficiency for production of the upper laser level may be relatively high for excimer systems, -5%-7% in the present case, the overa111aser efficiency can be severely limited by photoabsorption. 32 -35 In recognition of this fact and the importance ofUV rare-gas and rare-gashalide lasers, in recent years there has been significant activity directed toward identification of species in laser media that absorb in the UV, and toward determination of their cross sections. For this reason transient absorption processes in electrically excited UV laser media are now relatively well understood.
32 Unfortunately, far less is known about the causes of the absorption observed in the visible region of the spectrum. 36 Since control of absorption in the blue/green region is absolutely critical to efficient operation of the XeF( C--A ) laser, we have endeavored to identify the specific causes of the broadband absorption observed in the present experiment. Progress toward this objective has been aided significantly by analysis of the absorption characteristics of specific rare gas mixtures in addition to the XeF laser mixtures of primary interest.
A.Argon
Presented in Fig. 14 is the time dependence of the absorption measured at 488 nm in argon for conditions otherwise typical of the laser experiments discussed in Sec. III. The magnitude of the peak absorption, -9% cm -I, was found to be about the same at 457.9 run and approximately 30% higher 18 at 514.5 nm, indicating that the absorption is essentially broadband in nature. Analysis of the decay of the absorption in Ar shows it to be composed of two components having characteristic times of approximately I 5 and 50 nsec, respectively, a trend also observed by others 36 for generally similar conditions. Model calculations for the conditions of Fig. 14 provide valuable insight as to the excited and ionized species responsible for the Ar absorption, and permit firstorder estimates of absorption cross sections for which data are unavailable.
Computed species concentrations corresponding to the conditions of trimer ion is based on the forward and reverse rate coefficients reported by Turner and Conway,37 and on the assumption that the rate coefficient for electron-Ar 3 + recombination is five times large~g than that of Art. Examination of Fig. 15 shows that, with the exception of Ar!e.l:u+)' aU other species essentially follow the temporal behavior of the e-beam excitation pulse, and decay with a time constant of about 10-20 nsec. In contrast, the long lived (-3 p.sec) AT! e:I u +) state decays by way of electron mixing with the Ar!( 1:I: ) state, the latter having a lifetime of only 4 nsec. 39
Although the l:I u + concentration is always much smaller than that of 3:I u + , spontaneous emission of the former provides the path through which the coupled (by electrons) 1:I u + -3:I u + states decay. For these reasons the computed 40-50 nsec decay time constant of AT! (3:I,,+) reflects the electron density decay rather than the 3.l: u + lifetime.
For the species of Fig. 15 the dominant broadband photoabsorption processes in the blue/green region are expected to be .., hv + Ar**-Ar+ + e, hv + Ar3+ -Ar+ + 2Ar, hv + Al1-Ar** + Ar' This information, considered in light of both the computed temporal evolution of excited and ionized species in Ar (Fig. 15) , and of the measured absorption (Fig. 14) , indicates that the strong initia1 absorption during the excitation pulse is caused by the combined effects of the 4p, 3d, and higher excited states of Ar, by Ar 3+ , and by Arte~u+ ), while the more slowly decaying component of the absorption is due almost entirely to Art e~u+) alone. Guided by the magnitudes of the cross sections reported for the excited states of Ar40 and for Ar trimer ions,42-44 numerical experimentation has shown that both the magnitude and two-phase time dependence of the observed broadband photoabsorption in Ar (Fig. 14) can be explained satisfactorily in terms of the computed temporal evolution of the species shown in Fig. 15 and the cross sections presented in Table I . Figure 16 shows the fractional contributions to Ar absorption for the conditions of Figs. 14 and 15.
B. Argon·xenon mixtures
Both the magnitude and temporal variation of the measured absorption, particularly the latter, are changed significantly by the addition of a small amount ( < 1 %) ofXe to Ar. decay of the absorption is strikingly different from that of Ar alone. Figure 14 shows that the absorption is essentially constant for about the first -100 nsec after termination of the pulse, subsequently decaying with a time constant of approximately 300 nsec. This behavior can be explained on the basis of the computed excited and ionized species concentrations in the Ar-Xe mixture, which are shown in Fig. 17 ; the Xe** concentration in this figure represents the grouped fu ', 6p, 5d, and higher lying levels of Xe.
Although the peak values of Ar", Ar!, and Ar3+ are reduced significantly due to rapid excitation and charge transfer to Xe, these species still make an important contribution to absorption during the excitation pulse as shown in Fig. 18 . However, upon termination of the pulse, all Arrelated species decay on a -10 nsec timescale due to strong quenching by Xe. Corresponding Xe-related molecular species that might be expected to exhibit broadband absorption in the visible region, such as Xe! and Xet , are present only in very small quantities reflecting the small Xe fractional concentration.
Although the Xe*(fu) concentration (not shown in Fig.  17 ) has essen tially the same time dependence as that of Xe* * , and an even larger concentration ( -10 16 cm -3), blue/green photons have insufficient energy to photoionize Xe*(fu). 14), based on the species concentrations of Fig. 15 and the cross sections of Table I .
Nacnshon 8t al Thus, although discrete phototransitions from Xe* ep 2' 3p I) to higher levels can be readily identified in the structured spectrum ofXeF(C~A) lasers,17 the very large Xe*(6s) concentration does not contribute directly to broadband absorption. However, Duzy and Hyman 40 compute photoionization cross sections for Xe**(6p) and Xe**(5d) that are approximately 2 and 3 X 10-17 cm 2 , respectively, at about 480 nm, varying only slightly throughout the wavelength range of present interest. When these cross section values are considered along with the computed magnitude and time dependence of the Xe** population (Fig. 17) , it becomes clear that the observed absorption in the Ar-Xe mixture of Table I . mixture of Fig. 14, based on the cross sections of Table I , and presented in Fig. 18 . There are several reasons for the unusually large, slowly varying Xe* and Xe** populations for the present Ar-Xe mixture conditions. Modeling shows that the dominant ionized and excited species in the afterglow are atomic (i.e., Xe + , Xe*, and Xe**), even though the total pressure is very high. Since the Xe fractional concentration is small « 0.01), the rates of formation of the molecular species Xe! (1.3l: u + ) and Xe 2 + are much less than those for the corresponding reactions in pure Ar. Further, the heteronucIear species ArXe+ and ArXe* are bound by only 0.14 eV 46 and <0.1 eV,26d respectively, so that the reverse rates for production ofXe + and Xe* from these molecular species are large. Consequently, the relative populations of Xe-related molecular species are much smaller than would be expected considering the high total pressure. Because the dominant ion is Xe + , the electron loss by dissociative recombination is slow, with the result that the electron density in the Ar-Xe mixture remains high after termination of the excitation pulse, unlike the situation in pure Ar. The electrons collisionally mix Xe* and Xe* * thereby establishing a quasiequilibrium condition, and, since both the production and loss ofXe* and Xe** are dominated by electron collisions, the concentrations of these species are practically time independent in the early afterglow. Therefore, the only significant reaction path away from the coupled Xe*-Xe** system is the relatively slow formation of the excimer Xe! e· 3 l:u+). This process is characterized by a -300 nsec time constant for the present conditions, a value very close to that observed for the absorption decay in the Ar-Xe mixture (Fig. 14) .
c. XeF(e--..A) laser mixtures
Of course, the excited and ionized species discussed in connection with absorption in Ar and Ar-Xe mixtures will be present in XeF laser mixtures, albeit at significantly lower concentrations. Additionally, there will. be other transient species related to F2 andlor NF3 such as various rare-gas halides. However, modeling shows that the only additional species having con(:entration levels that could lead to significant absorption (given appreciable blue/green photoabsorption cross sections) are the triatomic rare-gas halides, Ar2F and Xe 2 F. Calculations by Wadt 47 show that there are several allowed transitions between the lowest energy RG 2 X(2 2 B 2 ) state and higher energy states, with peak absorption wavelengths throughout the UV Ivisible region. However, only the UV transitions analogous to the corresponding RGt absorption have large osciUator strengths, and .are therefore expected to have significant absorption cross sections. Visible transitions in RG 2 X, although broadband, have computed oscillator strengths more than one hundred times less than those of the UV transitions, implying peak absorption cross sections having values well below 10-18 cm 2 . For this reason broadband visible absorption due to the presence ofXe 2 F andlor Ar2F is likely to be unimportant. Thus, we conclude that the same species causing the absorption in Ar and Ar-Xe mixtures (Table I ) dominate the absorption in XeF(C-+A ) laser mixtures.
Computed net gain
Presented in Fig. 19 is the net gain computed for conditions similar to those of Fig. 7 . The various contributions to the absorption are presented in Fig. 20 . Examination of Fig.  19 shows that the net gain for laser conditions can be computed in good qualitative and quantitative agreement with experimental observations using the absorption cross sections inferred by analysis of the absorption in Ar and Ar-Xe mixtures (Table I) . Further, it is clear that while all the species identified as absorbers in Ar and Ar-Xe mixtures contribute significantly to absorption in the laser mixture (Fig. 20) , photoionization of Xe·· is the most important absorption process.
Additional support for this conclusion is provided by absorption measurements using the 590-nm dye laser probe, which indicate a peak absorption of 2.5% cm -I. Since there is no contribution to net gain/absorption from XeF( C ) at this wavelength, the measured 2.5% cm -1 is actually the total absorption coefficient, a value significantly lower than the 4.0%-5.0% cm -I peak value found to be typical ofthe bluel green region (Fig. 19) . However, the 590-nm photon energy is insufficient to ionize either the Xe(6p) levels or the first four Xe(5d) levels. Because relaxation of the higher excited states ofXe by Ar is very fast,26 it is probable that the 6p and 5d levels dominate the calculated Xe·· population. Simply subtracting the Xe·· contribution (Fig. 20) reduces the peak absorption coefficient from -4.0% em-I (Fig. 19) to about 2.5% em -I, a value in good agreement with the 590 nm absorption measurement. in the production of higher excited states of Kr that have photoionization cross sections somewhat larger than those of the corresponding Ar states. 40 However, excitation transfer from Arrel:u+) can only result in Kr(5s,s') states, while Ar/ and Ar3+ charge exchange results in the formation of Kr+ (or ArKr+) ions. Calculations show that 0.2 atm Kr added to the XeF(C) laser mixture reduces the Arrel:u+) population by approximately a factor of two and the Ar 3+ population by over an order of magnitude. Examination of Fig. 20 indicates that the corresponding reduction in the contributions of Ar! and Ar 3+ to absorption could easily account for the experimental observations. However, a comparison of the temporal evolution of the fluorescence for laser mixtures with and without Kr shows that the C ....... A fluorescence rises somewhat faster in the Kr-containing mixture. Krypton is known to be faster than Ar at both relaxing the XeF(B,C) vibrational manifold and at mixing the two states,16 although it is somewhat surprising if these effects are responsible for the faster XeF( C) fluorescence rise, given the fact that the Ar-Kr ratio was very large in these experiments. In any case, it appears that the dramatic reduction in initial absorption ofXeF( C) laser mixtures containing Kr is due primarily to a reduction in the concentrations of Ar-related molecular absorbers, and possibly to an increase in the production rate ofXeF( C) as well. Unfortunately, both gain and fluorescence data also show that quenching of XeF(C) is faster with Kr present. Nonetheless the near absence of early absorption with K.r added and peak net gain values comparable to the highest measured may have significant implications for improving laser extraction efficiency.
D. laser mixtures with krypton

VI. LASER EFFICIENCY
A. e-beam energy deposition Determination of the electricaJ-optical energy conversion efficiency corresponding to the measured laser pulse energy requires knowledge of the e-beam energy deposition in the gas. Several three-dimensional computer models 4 8-50 of e-beam energy deposition, and measurements 48 of gas pressure rise, all show that the energy deposited under conditions similar to those of this investigation typically is from two to four times greater than that computed on the basis of simple stopping power calculations. The difference is due largely to backscatter from the cell walls and to multiple scattering in the foil separating the low and high pressure regions of the cell To account for such effects, in this work we have used a factor of three correction to a stopping power calculation based on the Berger and Seltzer data 51 in order to obtain a reasonable estimate of the e-beam energy deposited in the active volume. Measured current density levels on the optical axis were found to vary from 200 to 400 A cm -2, depending on e-beam control. parameters and unpredictable shot to shot variations. This range of current density, combined with Ar pressures in the 6-1.0 atm range, corresponds to energy deposition levels ranging from approximately 100 to 300 J/liter depending upon the specific combination of conditions. Therefore, our highest measured laser pulse energies of 1.0-2.0 J/liter correspond to an intrinsic laser efficiency of about 0.5%-1.0%. Although such estimates of ebeam energy deposition have to be considered somewhat uncertain, calculations of peak XeF( C) population, net gain, and the temporal relationship among laser medium properties, all of which depend on the modeling of e-beam energy deposition, are found to be in good agreement with experimental observations. Thus, we conclude that the e-beam energy deposition so estimated is probably accurate to within about ± 35%, a level of uncertainty that must also be assigned to the inferred value of intrinsic laser efficiency.
B. Optical extraction efficiency
Presented in Fig. 21 is the computed temporal evolution of the intracavity optical flux for typical conditions. The relationship between fluorescence, net gain and laser pulse intensity in this figure is found to be in very good agreement with experiment. This figure shows that although the intracavity flux eventually reaches a level about three times the -6 MW cm-z saturation fiux, resulting in a significant depletion of the tail of the XeF(C) population profile, collisional deactivation of the C state still dominates the time integrated XeF(C) population decay. Thus, although the XeF(C) formation efficiency is 5%-7%, the overall optical extraction efficiency is only about 10%, a factor presently limiting the intrinsic laser efficiency to a value somewhat less than 1%.
The key factor limiting extraction efficiency is the strong initial abosrption occurring during the excitation pulse. In spite of a significant increase in net gain and gainabsorption ratio over prior levels, even for conditions for which the highest output energy has been obtained, the gain does not become positive until after the excitation pulse is terminated. Further, the maximum value of gain is only slightly higher than one half that based on the XeF(C) population alone (Fig. 19) . Calculations show that in the absence of such absorption, the intracavity flux would rise rapidly to a I.evel approximately ten times the saturation flux at about the time the maximum zero-field XeF(C) population is achieved, a circumstance that would result in an extraction efficiency of approximately 40% for the conditions of tbis experiment. This suggests that even though addition of Kr to the optimum Ar-Xe-NF 3 -F z mixture did not increase the 20 single pulse laser energy density, the near absence of initial absorption (Fig. 10) in certain Kr-containing mixtures may permit significant improvement in extraction efficiency if a multiple pulse excitation scheme is utilized to prolong the gain duration. For example, with a dual-pulse technique, the first pulse would be used to produce a high intracavity flux level prior to initiation of a second, higher energy pulse. Because there is very little initial absorption in Kr-containing mixtures, initiation of the second pulse near the time of the peak flux produced by the first should produce no significant detrimental effect. However, the high cavity flux present at the onset of the second pulse would ensure more efficient energy extraction. Preliminary modeling of conditions representative of this variation on the laser pulse-injection scheme indicate that extraction efficiency levels significantly larger than those obtained to date may be possible.
Bleaching of absorbing species
It is interesting to note that because the relevant photoabsorption cross sections ( Table J) are significantly larger than the XeF(C--+A ) stimulated emission cross section, the saturation fluxes for the transient absorbers are about the same as that ofXeF(C), in striking contrast to the situation typical of the rare-gas-halide B ........ X lasers. Thus, optical bleaching of the absorbing species is significant for the intracavity flux levels achieved in these experiments. For the conditions of Fig. 21 calculations indicate that.the peak. cavity flux (and both the laser output energy and efficiency) reach levels approximately 50% higher than would be the case without bl.eaching of the absorbers.
VII. SUMMARY
Electron-beam excitation of a unique two-halogen gas mixture has been shown to be an effective way to obtain efficient, broadband XeF(C ........ A ) excimer laser oscillation in the blue/green spectral region. Such a laser can now operate at intrinsic energy conversion efficiency approaching one percent with output pulse energy in excess of 1.0 J/liter. These greatly imprOVed laser characteristics have been achieved by careful optimization of the components of the rare-gas-halide mixture, increased electron beam energy deposition, and improved optical resonator design.
Temporal and spectral gain/absorption, laser energy, and fluorescence measurements under a variety of experimental conditions have provided good insight into the underlying kinetic and spectroscopic processes which control the performance of the XeF(C-A) laser. Excellent agreement between experiment and theory has been demonstrated. The contributions to the major energy pathways resulting in the formation and loss of XeF(C), and to transient photoabsorption in the visible region of the spectrum have been studied in order to characterize the optical extraction and intrinsic laser efficiency. Broadband molecular and atomic absorption is the most important factor limiting the efficiency of electrically excited XeF(C-A ) lasers. For the laser mixtures investigated in this work, the primary absorption processes have been identified as photoionization of the 4p, 3d, and higher lying states of Ar, and of the Xe 6p and 5d states, and photodissociation of Ar2ekU+ ) and Ar3+' These saturable absorbers have blue/green photoabsorption cross sections comparable in magnitude to the XeF(C-A ) stimulated emission cross section, and are bleached for intracavity flux levels :; 3.0 MW cm -2, an effect resulting in a prolongation of the gain duration thereby enhancing optical extraction efficiency. Quenching of some of the absorbing species by the addition ofF 2 to the Ar-Xe-NF 3 mixture increases the laser efficiency and the output power considerably. Further improvements, such as controlled optical bleaching of the absorbers, additional kinetic refinements, or double pumping, may lead to even higher XeF(C--+A ) laser efficiencies. Indeed, intrinsic efficiency values approaching those of the UV B-X raregas-halide lasers seem a distinct possibility.
The stimulated emission cross section for the XeF( C-A ) transition is an order of magnitude smaller than that of the B-X transition, and, since:> 95% of the excited state population ofXeF(B,C) is in the XeF(C) level, superradiance in a large scale laser device should be relatively small. Calculations and calibrated fluorescence measurements show that the XeF( C) formation efficiency is 5%-7% for the present conditions. Therefore, the XeF( C-A ) excimer medium has the potential to become an efficient wideband, highpower laser amplifier in the blue/green region that could be used as a final amplifier in conjunction with another laser oscillator.
